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Methods
Studied sites
New datasets of fjord nitrogen (N) loss via sediment burial and microbial N2 production were collected in five fjords in Sweden and Iceland (Fig. S5). Gullmar, Hake, and By Fjords are temperate systems (57–59˚N) located at west coast of Sweden, with length of 28, 22, and 4 km, respectively. Bottom water of By, Gullmar, and Hake Fjords are long-term anoxic, seasonally hypoxic, and oxic conditions, respectively. Bottom waters of Gullmar Fjord are renewed annually, yet low oxygen (O2) concentrations can be developed when deep-water exchanges is absent or only partially occur 1. Water column below sill depth (~20 m) in By Fjord is characterised by long-term euxinic condition. The water column is mixed vertically every 3–5 years, while O2 depleted within weeks to months by significant biological consumptions 2. Gullmar Fjord has been designated as a conservation area with temperate forests, where minimal anthropogenic inputs have been influencing the fjord since past decades 3. In contrast, catchment of By and Hake Fjord are covered by agriculture and developed areas. Reyðarfjörður and Berufjörður, are sub-polar systems located at the east coast of Iceland (64–65˚N). These fjords are 20–30 km long with 60–170 m water depth. Small river inputs from the heads of both fjords regarding the drainage basins <160 km2. Vegetation cover is sparse (25–45%) and is dominated by shrubs, grasses, and mosses 4. Aquaculture has been established in both fjords, where higher organic matter contents and labilities were found in waters adjacent to sea cages 5. Water columns were well-mixed and oxygenated in these fjords during our sampling, while hypoxic conditions (O2 concentration < 60 µM) have been recorded near the head of Berufjörður in summer 6. 
Sampling procedures
In Swedish fjords, samples for mass accumulation rates and sediment nitrogen analyses were collected from nine locations within the three fjords in September–October 2021. Measured rates and details of the sampling were described in previous publication 7. To determine N2 production in the three Swedish fjords, incubation experiments were conducted during sampling campaigns in 2023 and 2024. Prior to sediment sampling, CTD casts with a Sea-Bird SBE 911 were made to record bottom water column temperature, dissolved O2, and salinity. Approximately 70 L of bottom waters were also collected for later incubation experiments. In Gullmar and Hake Fjord, sediments were collected from the seafloor using a box corer. Intact cores (inner diameter = 4.6 cm; length = 30 cm) were sub-sampled from undisturbed sediment in the corer, and were immediately submerged in situ bottom water at ambient temperature for later incubation experiments. In By Fjord, N2 production rates were determine using water samples at oxic-anoxic interface at the centre station were collected in 2023 (see details below), given that bottom water was anoxic and highly sulfidic 8. For N2 production at the head and mouth in By Fjord, benthic rates were obtained from a previous publication 9.
For Icelandic fjords, samples for mass accumulation rates, sediment stoichiometric analysis, and N2 production measurements were collected in June 2023. Sediment cores and bottom waters were collected by the same sampling approached as in Swedish fjords. Larger intact cores (inner diameter = 5.6 cm; length = 44 cm) and smaller ones (inner diameter = 4.6 cm; length = 30 cm) were sub-sampled from the box corer for sediment analyses and incubation experiments, respectively. Larger cores were sliced at 1 cm intervals from 0-6 cm, 2 cm intervals from 6-20 cm, then a 5 cm interval from 20 – 25 cm immediately after sampling. Samples were stored in sealed LDPE containers at -20°C for later sediment analyses. Measured rates and sediment stoichiometric data were described in previous publication 10. Smaller cores were immediately submerged in situ bottom water at ambient temperature for later incubation experiments.
Sediment N2 production processes rate measurement and calculation
Sediment N2 production rates (denitrification and anammox) as well as dissimilatory nitrate reduction to ammonium rates (DNRA) were determined by intact sediment incubation using revised-isotope pairing technique 11. Collected sediment cores in each station of Swedish and Icelandic fjords were transferred to incubation tanks situated in a temperature-controlled room at in situ bottom water temperature (Table S4). In situ bottom water in each incubation tanks were air-aerated (oxic stations) and well‐stirred. For hypoxic stations (i.e., Gullmar Fjord in October, 2024), O2 concentrations of the water in the incubation tanks were maintained at in situ concentration by aerating N2/Air mixture that adjusted with flowmeters. O2 concentrations in the tanks were monitored by an optode probe (OXROB10, PyroScience). A temperature sensor (TDIP15, PyroScience) was placed into a water bath for real-time temperature compensation of optode measurements. Each core was supplied with a magnetic stirring bar (60 rpm) to maintain the water phase of each core well mixed. 
After an overnight preincubation, sediment denitrification, anammox, and DNRA rates were measured by 15N-nitrate (15NO3–) amendments. Briefly, sediment cores (n = 12) were spiked with 15NO3− tracer to obtain triplicate cores with mean final concentrations of 11, 24, 56, and 120 µM 15N. To calculate actual 15N enrichment in each core, water samples for the NO3– concentration analysis were collected before and after the tracer addition, and analysed by spectrophotometric method 12. Incubation started after a lag time of 1‒4 hrs to allow the spiked 15NO3– to homogeneously mix with the endogenous 14NO3– and diffused to the sediment nitrate reduction zone. Each core was then capped with airtight lids, and O2 concentrations were recorded immediately via optode spots (OXSP5, PyroScience). Incubations were terminated by uncapping the core when O2 had decreased by 20 – 25% of the initial concentrations, in order to ensure linear uptake of O2 and solute exchange over incubation time (oxic: 12 – 24 hrs; hypoxic: 6 hrs). Top 6 cm of sediment of each core were gently mixed with overlying water to obtain a slurry. A 20 mL slurry aliquot was immediately transferred into a 12 mL exetainer (Labco) and fixed with 200 µL of 50% w/v ZnCl2 for later 29N2 and 30N2 analyses. To determine the rate of DNRA, a sub-sample was collected from the slurry samples for 29N2 and 30N2 analyses for later 15NH4+ analysis. Abundance of 29N2 and 30N2 of N2 is determined directly through headspace analysis by gas chromatography-isotope ratio mass spectrometry (GC-IRMS), while 15NH4+ can be first treated with hypobromite-iodine solution that oxidize NH4+ to N2 form, and the result content of 29N2 and 30N2 measured in GC-IRMS represent which originally from the 15NH4+ in the sample.
Total N2 production (p14) was expressed as a function of r14, the ratio between 14NO3- and 15NO3- in the sediment nitrate reduction zone:
	
	(1)


where p29N2 and p30N2 are the production rate of 29N2 and 30N2 from the incubation, which are calculated as the slopes of the significant (p < 0.05) linear regression of 29N2 and 30N2 concentration as a function of time. The value of r14 is calculated from the p29N2 and p30N2 measured in two incubations with different 15NO3– concentrations:
	
	 (2)


where p29N2(a) and p30N2(a) refer to the production rates of 29N2 and 30N2 in the incubation at lower 15NO3– concentration, whereas p29N2(b) and p30N2(b) refer to the production rates of 29N2 and 30N2 in the incubation at higher 15NO3– concentration. The parameter V, the ratio between concentrations of 15NO3– in the water phase from two incubations with different 15NO3– concentrations, is calculated by:
	
	 (3)


Values of V and r14 are calculated by matrix of values from 4 different 15NO3- amendments using Eqs. 2 and 3.
Anammox rate (A14) was calculated according to the formula:
	
	 (4)


while the ambient denitrification rate (D14) is calculated by subtracting the anammox rate from p14:
	
	 (5)


Rates of DNRA are calculated by multiplying the production rate of 15NH4+ (p15NH4+, i.e., the increase in 15NH4+ concentrations versus time) by r14.
Water column N2 production rate measurement
[bookmark: _Hlk206411935][bookmark: _Hlk207973981]Rates of water column total N2 production were determined using 15N-labelled substrates. Experiments were conducted with water sampled near the oxic-anoxic interface (21, 22.5 and 24 m below surface) at the centre station of By Fjord following the procedures described previously 13, 14. For a rate profile, a 2 L screw top bottle was filled directly from the Niskin bottle at each of three depths, overflowed at least three times the total volume, and immediately sealed bubble-free with a butyl rubber stopper. Collected samples were stored for 6 hours in the dark at in situ temperature (8 °C) until processed. To set up the experiment, water was removed from the bottle to allow He purging for 45 min. After purging, 1.6 mL of 100 mM He-purged NaS was added to the bottle to mimic the ambient sulphidic condition (38 µM final concentration) and transferred into 12 mL exetainers (LabCo) and capped with He-degassed caps, and headspaced with He to minimise O2 contamination 15, 16. To determine potential denitrification rates as accumulation of 30N2, samples received a 2 mL He headspace and amended to a finial concentration of 20.0 µM 15NO3– in duplicate samples per time point (0, 3, 6, 9, and 12 hrs). To determine N loss kinetics, samples received a 2mL He headspace and amended to a finial concentration of 0.3, 0.7, 1.4, 3.6, 8.1, and 11.0 µM 15NO3– in duplicate samples per time point (0.5, 2, 5, and 10 hrs). and left to incubate in the dark at in situ temperature. At each time point, incubation was terminated by adding 100 μL of 50% w/v ZnCl2 solution to each exetainer. Final total NO3– concentrations were analysed on an ion chromatograph on samples from the first time point of each treatment.
Water column microbial N loss rates were quantified from the combined production of 15N labelled N2 and N2O as determined by GC-IRMS (Dalsgaard et al. 2012). With the lower 15NO3- amendments used for determination of N loss kinetics, the NO3- pool was depleted by ≥ 50% during the incubation, and rates of N2 + N2O production decreased over time due to increasing substrate limitation. As limitation may even have affected the first time interval of the incubation at the lowest amendments, leading to an underestimation of initial rates, kinetic parameters were determined by fitting the incubation time, t, by which N2 + N2O had accumulated to a certain observed concentration, Nloss, to the time by which this N loss would occur assuming that the depletion of the substrate (NO3-) from an initial concentration, Ninit, was subject to Michaelis-Menten kinetics 17:
	
	 (6)


where Km and Vmax are the parameters of the Michaelis-Menten equation:
	
	 (7)


Thus, Km and Vmax were estimated by a single least-squares fit of Equation 6 across the whole range of 15NO3- amendments, yielding values of 0.58 µM h-1 and 0.33 µM, respectively. Ambient microbial N loss rates were estimated using the Michaelis-Menten equation (7) with derived values Km and in situ NO3– concentrations, where potential denitrification rates were applied as Vmax 18. The resulting volumetric rates were then converted into areal rates by multiplying with the depth of the denitrification zone, which was defined as the thickness of the anoxic NO3– containing layers at the oxic-anoxic interface 14. The depth was identified when the O2 sensor was pulled slowly upwards from the anoxic bottom waters to the oxygenated surface waters. Before the upcast, the O2 sensor stayed at the anoxic bottom water for a period of 5 min to obtain signal for zero O2. Water column profiles of NO3– concentrations were measured on 6 discrete samples from the Niskin bottles at 1 m intervals near the oxic-anoxic interface. NO3- concentrations were analysed as described above.
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Figure S1 Spatial distributions of nitrogen accumulation rates (NAR). Rates were determined from cores collected at the head, centre, and mouth of the corresponding fjords across climate regions (colour-coded). Solid dots indicate rates at head, centre, and mouth of the fjord, whilst circles indicate fjord average rates.
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Figure S2 Rates of nitrogen cycling processes in global fjords. (a) Mean total N2 production rates (denitrification and anammox) and dissimilatory nitrate reduction to ammonium rates (DNRA) measured by 15N-labelled experiments. Anammox contribution to total N2 production (ra) were defined as the anammox rates relative to the total microbial N2 production rate (denitrification + anammox). Rates in oxic and hypoxic fjords were determined from the sediments, while rates in anoxic fjords were determined from the nitrate-reduction zone along the water column. * denotes N2 production rate measured under oxic condition in seasonal hypoxic Loch Etive, and ** denotes rates measured under both oxic and hypoxic condition in Gullmar Fjord. (b) Mean total N2 production rate and sediment nitrogen accumulation rate (NAR) in fjords where both processes were measured. Dots denote relative contribution of sediment to total N loss (N2 production + NAR). Vertical line divided fjords with anoxic (O2 < 10 µM), hypoxic (O2 10 – 100 µM), and oxic (O2 > 100 µM) fjords. Fjords are ranks with increasing latitude (from left to right) within each redox condition group. Error bars denote standard errors.
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Figure S3 Potential changes in fjord N2 production as a function of oxygen concentrations. Sediment and water column total N2 production rates (denitrification + anammox) and N burial rates in global fjord are based on a compilation of measurements from the literatures and new data from Sweden and Iceland. An exponential model was fitted to develop a predive equation of N2 production (N2 production rate = 12.15 · e-0.157[O2] + 1.92; R2 = 0.56). Note that x-axis is in reverse scale. No significant trend was observed between N burial and O2 concentrations. Asterisks denote a higher benthic N2 production rate reported in Loch Etive under oxygenated condition, yet where known to experience periodic hypoxia 19.
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Figure S4 Sediment nitrate reduction rates measured in the centre of Gullmar Fjord during oxic and hypoxic season. Mean N2 production rates (denitrification and anammox) and dissimilatory nitrate reduction to ammonium rates (DNRA) were measured by sediment core 15N-labelled experiments. Sediments were collected during oxic (April 2023) and hypoxic (October 2024) conditions that oxygen concentrations were 260 and 61 µM, respectively. Anammox contribution to total N2 production (ra) were defined as the anammox rates relative to the sum of denitrification and anammox rates. Error bars denote standard errors. Denoted p values were resulted from Mann-Whitney-Wilcoxon test between oxic and hypoxic rates of the corresponding process.
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Figure S5 Location of sampling sites in Sweden and Iceland. Samples for fjord nitrogen burial and microbial N2 production measurements were collected in five fjords in Sweden and Iceland during sampling campaigns in 2023 and 2024. Symbol shapes denote sampling site of head, centre, and mouth of the fjord.
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Figure S6 Result of spatial weighting of each measurement in the database. Each observation of (a) nitrogen accumulation rate and (b) microbial N2 production rate is assigned with weights based on their spatial proximity to other samples with spatial scale of approximately 55 km (0.5 degree). 
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Figure S7 Summary of empirical observations and spatial weighting bootstrapped means. Bootstrap analysis was performed to the dataset of spatial weighted nitrogen accumulation rate (NAR) and N2 production rate (N2) to generate distributions of 1,000 weighted bootstrapped means. Distribution of observed raw data (grey) and bootstrapped data (blue) used in the analyses were illustrated.
Supplementary Table
Table S1 Summary of global fjord nitrogen burial estimates.
	
	Min
	Q1
	Median
	Q3
	Max

	Marine N burial (Tg N yr-1) 20
	10.0
	17.0
	22.5
	25.0
	58.0

	Fjord area 1 (259,899 km2) 21
	
	
	
	
	

	Fjord N burial (Tg N yr-1)
	0.8
	1.0
	1.0
	1.1
	1.2

	Fjord % of total
	1.7
	4.0
	4.5
	5.9
	10.1

	Fjord area 2 (455,535 km2) 22
	
	
	
	
	

	Fjord N burial (Tg N yr-1)
	1.4
	1.7
	1.8
	1.8
	2.1

	Fjord % of total
	3.0
	7.1
	7.8
	10.4
	17.6



Table S2 Summary of sampling site in Sweden and Iceland.
	Region
	Fjord
	Location
	Depth
(m)
	Redox condition
	Temperature
(°C)
	O2
(µM)
	NH4+
(µM)
	NOx–
(µM)

	Sweden West Coast
	Gullmar Fjord
	Head
	26
	Oxic
	14.0
	124
	0.4
	12.0

	
	
	Centre
	118
	Seasonally hypoxic
	6.3 – 6.9
	61 – 259
	0.5 – 2.4
	6.4 – 14.2

	
	
	Mouth
	57
	Seasonally hypoxic
	9.1
	127
	0.4
	13.0

	
	Hake Fjord
	Head
	21
	Oxic
	6.7
	287
	2.9
	13.5

	
	
	Centre
	32
	Oxic
	7.0
	265
	1.9
	7.8

	
	
	Mouth
	41
	Oxic
	6.8
	270
	2.5
	15.0

	
	By Fjord
	Head
	11
	Oxic
	7.0
	258
	<d.l.
	<d.l.

	
	
	Centre
	47
	Anoxic
	7.9
	<d.l.
	<d.l.
	<d.l.

	
	
	Mouth
	23
	Anoxic
	8.3
	<d.l.
	14.9
	3.4

	Iceland East Coast
	Reyðarfjörður
	Head
	70
	Oxic
	3.6
	318
	3.3
	7.9

	
	
	Centre
	160
	Oxic
	3.6
	325
	3.0
	5.0

	
	
	Mouth
	157
	Oxic
	3.4
	319
	2.2
	6.0

	
	Berufjörður
	Head
	49
	Oxic
	4.1
	316
	4.6
	13.2

	
	
	Centre
	52
	Oxic
	4.9
	272
	4.2
	10.2

	
	
	Mouth
	114
	Oxic
	4.4
	329
	1.9
	8.9


Note. Site water depth, bottom water temperature, dissolved O2 concentration (O2), ammonium (NH4+), and nitrate + nitrate (NOx–) are shown. Ranges of measured values are reported for centre station of Gullmar Fjord, where samples were collected from two campaigns in oxic and hypoxic seasons. <d.l. denotes below detection limits. 
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